gVPE (a vacuolar processing enzyme with cysteine protease activity) in local and systemic leaves was attenuated in the salicylic acid deficient mutant pds4-1 and also in transgenic plants expressing the NahG gene, in which salicylic acid accumulation is diminished. They suggested an involvement of endogenous salicylic acid in the wound induction of gVPE, although no evidence of metabolic changes in salicylic acid after wounding had been obtained.
Here we analyzed changes in metabolites after mechanical wounding in Arabidopsis leaves by ultra performance liquid chromatography time-of-flight mass spectrometry (UPLC-TOF-MS), and found that the amount of salicylic acid increased significantly after wounding, followed by increases in its glucose conjugates, suggesting a possible role of salicylic acid signaling in wound healing.
Arabidopsis thaliana Col-0 plants were grown at 22°C with a light/dark interval of 16 h/8 h for 4 weeks, and then the leaves were mechanically wounded. Wounding was carried out by rubbing the leaf surface with silicon carbide particles (carborundum), as for experimental viral infection (Takahashi et al. 1994) . To wound the tissue reproducibly, we performed this treatment in strictly the same manner. Five independent wounding treatments were done for each sampling point. The small standard errors in values measured for metabolites in the present study indicated that the wounding was highly reproducible. The wounded leaves were kept at 22°C under continuous light for up to 48 hours. The leaf specimens were harvested and immediately frozen in liquid nitrogen and stored until metabolite extraction. A UPLC ACQUITY system coupled with a Micromass LCT premier mass spectrometer (Waters Co., MA, USA) was used for UPLC-TOF-MS. The data were acquired with the MassLynx data processing tool of the supplier. A methanol extract was applied to a reverse phase column (ACQUITY UPLC BEH-C18, 2.1ϫ150 mm, 1.7 mm, Waters Co.). For each sample, 5 mL was injected. The mobile phase consisted of 0.1% (v/v) aqueous formic acid (solvent A) and 0.1% (v/v) formic acid acetonitrile (solvent B). The gradient program was as follows: from 3 to 95% solvent B over 28 min, 95% solvent B for 5 min, and 3% solvent B for 2 min. The flow rate was set to 0.3 mL min Ϫ1 and the column oven temperature was kept at 40°C. The mass spectra of the extracts were obtained in negative ion electrospray ionization (ESI) mode. ESI conditions were optimized and set as follows: capillary voltage of 2.5 kV and sample corn voltage of 40 (for targeted analysis) or 120 (for non-targeted analysis) V. Desolvation and source temperature were set to 320 and 120°C, respectively. The desolvation and corn gas (N 2 ) flows were set at 50 and 600 mL min Ϫ1 , respectively. Detection was performed in negative ion mode in the m/z range 100 to 600 Da. For quantitative analysis, the V mode was selected, and the dynamic range was set to extended mode to maintain mass signal linearity within the dynamic range. Leucine enkephalin was used as a lock mass.
Salicylic acid and jasmonic acid were obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) and Sigma-Aldrich Japan Co. (Tokyo, Japan), respectively. Authentic samples of salicylic acid glucoside (SAG; o-O-b-D-glucosylbenzoic acid) and salicylic acid glucose ester (SGE; 1-O-o-hydroxybenzoyl-D-glucose) ( Figure  1 ) were kindly provided by Professor Shigeo Tanaka of Tokyo University of Agriculture. These compounds in the samples extracted from plant leaves were identified through co-chromatography with the authentic standards.
To determine whether our experimental setting deals properly wounding-specific responses as reported previously, we measured jasmonic acid, a typical woundresponse metabolite, in the wounded leaves ( Figure 2A ). An immediate induction of jasmonic acid with maximum accumulation 60 to 90 minutes after wounding, followed by a decline to the basal level, was seen, which is the typical induction pattern of the compound reported in Arabidopsis (Glauser et al. 2008; Grata et al. 2007 ). Thus, the specimens treated with silicon carbide particles appear to be suitable for wounding research. Furthermore, the standard errors of the values for metabolites measured from five replicates were relatively low, illustrating the reproducibility of the metabolite analysis.
We found that the amount of salicylic acid increased significantly 6 hours after wounding, then decreased to near the basal level at 24 hours, and then increased again at 36 hours, followed by a reduction by 48 hours ( Figure  2B ). The level of SAG had increased at 24 hours, and then declined to the basal level by 48 hours ( Figure 2B ). The level of SGE showed a similar pattern to that of SAG ( Figure 2B ). The increase in the total amount of salicylic acid, SAG and SGE ( Figure 2B ) indicates activation of salicylic acid metabolism after wounding. We also observed similar metabolic changes in salicylic acid, SAG and SGE in a transgenic plant expressing the RCY1 gene for viral resistance (Sekine et al. 2008 conjugates concomitantly with or slightly delayed relative to induction of salicylic acid is often seen in the response of plants infected with an avirulent pathogen (Delaney et al. 1994; Malamy et al. 1990 ). The conjugates seem to function to detoxify salicylic acid (Dean and Delaney 2008; Hennig et al. 1993; Lee and Raskin 1998; Lim et al. 2002; Quiel and Bender 2003; Ratzinger et al. 2009 ). The basal level of salicylic acid at 24 hours after wounding may reflect the highest accumulation of SAG and SGE, which are converted from salicylic acid, at this time point. These results demonstrate that mechanical wounding activates salicylic acid metabolism in Arabidopsis leaves. This study is the first, to our knowledge, to report increases in salicylic acid and its glucose conjugates after wounding in nontransgenic plants (see below).
However, our results appear to be inconsistent with previous research that has reported no significant increase in salicylic acid after wounding (Malamy et al. 1990; Sano et al. 1994) . Although Yamada et al. (2004) showed an involvement of salicylic acid in wound induction of gVPE, they also reported that the amounts of salicylic acid in Arabidopsis leaves 72 hours after wounding were below the detection limit (0.5 mg g Ϫ1 leaves) of capillary electrophoresis, which they used for the analysis. However, because the basal level of salicylic acid is about 0.3 mg g Ϫ1 fresh weight and its maximum amount 0.7 mg g Ϫ1 fresh weight, as measured by UPLC-TOF-MS ( Figure 2B) , it may be difficult to monitor reliably such changes in salicylic acid using capillary electrophoresis. As the amount was declining at 48 hours in our experiments ( Figure 2B) , it is also likely that the level of salicylic acid at 72 hours would already have reached the basal level. If so, capillary electrophoresis would not be able to detect the compound. Yamada et al. also found no detection of PR-1 gene transcript, which is known to be induced by salicylic acid accumulation, at 2, 4, 48 or 72 hours after wounding, and concluded that little if any salicylic acid accumulated in these tissues in response to wounding. However, as they did not measure the transcript at the time points of 6 to 36 hours, which was crucial for detecting increased amounts of salicylic acid and glucose conjugates ( Figure 2B) , it is possible that PR-1 transcript is induced only during this short time period. Indeed, this seems to happen as discussed below.
In wild-type tobacco plants wounded with silicon carbide particles, no increase in salicylic acid was observed up to 6 days with analyses at one day intervals (Sano et al. 1994) . The time points of the measurements of salicylic acid may not have been frequent enough to detect the short-term change (within 24 hours) we detected in Arabidopsis. Alternatively, tobacco may not respond to wounding by salicylic acid induction. Interestingly, Sano et al. (1994) reported that a transgenic tobacco line overexpressing a gene encoding a Rasrelated small GTP binding protein showed salicylic acid induction after wounding. They suggested that overexpression of the protein somehow interferes with the normal wound signal pathway and results in abnormal cross-signaling between the wound-and pathogen-induced signal transduction pathways. If an increase in salicylic acid after wounding also occurs in a short time period in tobacco, which was not measured in previous studies, it is intriguing to speculate that the small GTP binding protein might function to sense a wounding signal in normal plants. This hypothesis remains to be tested.
We sought microarray data for salicylic acid biosynthesis and responsive genes after wounding, which are available from the AtGenExpress database (http:// pfg.psc.riken.jp/AtGenExpress/). This database provides gene expression data obtained from various microarray experiments with the Affymetrix ATH1 array of 22,746 probe sets covering about 23,700 genes (Kilian et al. 2007 ). We obtained a dataset of gene expression profiles after wounding from the database, calculated the mean intensity of all replicates in the dataset and generated expression ratios for all time points to the values of the corresponding control experiments. The expression profile shows that AtSAGT1, encoding salicylic acid glucosyltransferase 1, AtBSMT1, encoding benzoic acid and salicylic acid carboxyl methyltransferase 1, and the pathogenesis-related gene PR1, a typical salicylic acid inducible gene, are up-regulated at 12 hours after wounding (data not shown). As the wounding treatment was carried out by punctuation of the leaves with a custom made pin-tool consisting of 16 needles, the experimental conditions differed from ours. Nonetheless, this time frame of PR1 expression is comparable with the time point of increased accumulation of salicylic acid and its conjugates shown in our experiments (Figure 2) . Although Yamada et al. (2004) reported no obvious wound induction of PR1, it might be possible that, as they measured at the time points of 2 hours, 4 hours, 24 hours and 48 hours after wounding, PR1 is expressed transiently only around 12 hours after wounding. In contrast, the genes ICS1 and ICS2, encoding isochorismate synthase 1 and 2, respectively, which function upstream of salicylic acid synthesis, are not activated at these time points. The result also suggests that endogenous salicylic acid at the basal level may not affect the expression of PR1, but an increase in its amount does affect expression. Endogenous salicylic acid at the basal level could be sequestered in a cell organelle or other tissues that have no effect on expression of PR1. This hypothesis remains to be tested.
In conclusion, our results demonstrate increases in salicylic acid and its glucose conjugates SAG and SGE after wounding in Arabidopsis, indicating activation of salicylic acid metabolism after wounding. The metabolome data set for wounding processes has been deposited in the MassBase metabolome database (http:// webs2.kazusa.or.jp/massbase/), which should facilitate further study of wound healing processes.
